Intestinal transfer mechanisms, measurements, and analogies
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From the Department of Physiology, University of Sheffield ' The object of science', runs an old saying often attributed to Galileo, 'is to measure what can be measured and to make measurable what can be made measurable', and this is still a useful definition which covers much of our scientific activities. Lord Kelvin had a similar idea in mind when he said, 'When you can measure what you are talking about and express it in numbers, you know something about it'. The objects of our studies vary greatly in their susceptibility to expression in quantitative terms. The properties of a purified enzyme are more susceptible to measurement than the symptoms and signs of a sick child. This does not necessarily make the clinician less scientific, as much of his material may still be at the stage of being made measurable. The goal must, however, ultimately be to improve qualitative description by making it quantitative, and those who do not make the attempt to do this are likely to finish as second-class citizens in the world of science.
Intestinal absorption is a field where measurement and more precise quantitative description has made considerable strides in the last decade. This has been partly due to the stimulation of work on transport processes in other tissues, eg, nerve, muscle, red cell, etc, where more precise ways of measurement were already available. In these other tissues the concept of carriers has been extensively developed, and a good deal of work on intestinal absorption has depended on the application of the concept of carriers.
Analogy with Enzymes
When we start to measure something which has not been measured before we often find it convenient to make analogies with other and better known processes, and in the case of carrier transport one of the important analogies has been with enzymes. Hence many attempts at quantitative expression of intestinal absorption are based on terms drawn from enzymology. My assignment in this Symposium was to discuss mechanisms of intestinal transfer generally. It seemed that a useful approach to this would be to consider the analogy between enzymes and carriers, as I am sure that some subsequent speakers are going to use terms borrowed from enzymology. Enzymes have been very extensively studied now for about 50 years so it was natural that in trying to express the action of carriers quantitatively we should look to enzymology. I am going to discuss ways in which enzymes resemble carriers and ways in which they differ from them and in general terms the application of enzymology to carrier transport.
I have already committed myself to the importance of quantitative investigation and thinking. There is, however, a danger that by making something apparently quantitative we think that we have solved the problem. Mathematical terminology is not incompatible with loose thinking, and I am also going to discuss some of the pitfalls in applying enzyme concepts to carriers. It is easy to appear to understand how carriers function but to express these in quantitative terms which may be misleading. All is not gold that glitters, and few things glitter so dazzlingly to some people as a few mathematical equations sprinkled through an article in a predominantly medical journal.
Carriers
In the first place what are carriers and why do we need to invoke them? The first problem of intestinal absorption is to get substances from the lumen of the intestine into the epithelial cell. The epithelial cell is bounded with a lipid membrane and all absorbed substances have to get through this. (We are ignoring the possibility that some substances may get between cells either through the tight junctions or through spaces where cells have been shed.) The three possible routes into the cell are shown in Figure 1 . Some of the food substances are of a lipid nature and they can dissolve in the lipid membrane and diffuse through it. We can call this the 'lipid route'. Many of the others, including the end products of carbohydrate and protein, are insoluble in lipids and they must get through by some other route. The simplest concept is to postulate pores in the membrane filled with water, through which these substances can pass, and we can call this the 'aqueous route'. However, if Figure 2 shows the concept of the carrier. This is a hypothetical molecule in the membrane which is soluble in the membrane and can diffuse through it. At one point on the carrier there is an active site ellfrom the to which the substances may attach and the carrier with the attached substance is also lipid soluble. When the carrier passes through the membrane it can release the substance on the other side, so that Cell cytoplasm the empty carrier can return to transfer more substance. but there is at least no harm in discussing with the hesitant angels the interpretation and significance of the results. The common feature between enzymology and carrier transfer is basically the attachment of the substrate or absorbate to the active site. This results in the formation of a complex, and if we accept that the rate of the whole process (and this is a very big assumption to which I shall return) depends on the rate of formation of the complex both processes can be subjected to certain forms of kinetic analysis well defined by enzymologists.
Enzyme Kinetics
The amount of complex formed or the degree of saturation of the active sites depends on the concentration of the substrate or absorbate. At low concentrations when many sites are free, the degree of saturation is proportional to the amount of substrate or absorbate present. As this increases there is competition for free sites, so that the increase in saturation of sites falls off with increasing concentration and ultimately saturation is achieved. This is basically the process of adsorption, in which case the term 'Langmuir adsorption isotherm' is used. Michaelis and Menten (1913) applied this kind of analysis to the study of sucrose hydrolysis by invertase, and the term 'Michaelis-Menten kinetics' has long been used in enzymology. It has now spilled over into carrier transport, including intestinal absorption.
If v is the rate of the process, Vmax the maximum rate possible, and C the concentration of substrate, the relation between these is given by the equation (Fig. 7) .
Two Carrier Systems
Suppose the data from a series of entirely unexceptionable experiments put in the form of a reciprocal plot give a straight line with a negative intercept on the abscissa which satisfies the most rigorous criteria, are we justified in characterizing the carrier involved by a Km and Vmax? To answer this question let us consider what would happen if we had a carrier-mediated system, but mediated by two carriers instead of one, and there is good evidence that this does happen in the intestine (Newey and Smyth, 1964 
This is identical with a single carrier process with a Km the same as each of the two carriers, and a Vmax = V1 + V2, and the reciprocal plot of V and C would also give a straight line, with an intercept on the abscissa of -1/Km and on the ordinate of I/V1 + V2.
Unless we considered the possibility of two carriers we would draw the erroneous conclusion that there was one carrier. Hence Michaelis-Menten kinetics does not distinguish between one carrier and two carriers provided these have the same Km. Supposing the two carriers had different values for both affinity and maximum rate, ie, K1, V1, K2 and V2. The rate of transport would be V1C V2C
C + K1+ C + K2
... (6) It is easy to show that the plot of 1/v against 1/c is no longer a straight line theoretically, but let us look at it in practice. Take a case where K2 2K1 and V2 -2V1. Figure 8 shows the plot over a range of concentrations including both K1 and K2 and it is evident that this is so nearly a straight line that in most cases it would be taken for one. It is very easy to take arbitrary values of K1 and K2 and V1 and V2 and to show that over quite a range of differences in the characteristics ot the two carriers the reciprocal plot gives something likely to be mistaken for a straight line. A Km will be determined which will lie between K1 and K2 and a Vmax which will What kind of reasons could we have for thinking that there is more than one carrier, if we get a reciprocal plot which looks reasonably like a straight line. One way of doing this is by the use of competition. If there is only one carrier, competition will always result in increase in Km and decrease in amount transferred for any particular concentration (Fig. 6 ). Supposing we have two carriers, one with a Km of 1 and one with a Km of 2. Figure 9 shows the plot for each of the carriers separately and for the sum of the two. If we inbibit one carrier completely all the movement goes by the otber one, and the kinetics of the whole process become those of the uninhibited carrier. If we inhibit one partially the kinetics of the whole process becomes more like those of uninhibited carrier. The result of applying an inhibitor of one carrier to a process mediated by two carriers will always result in a decrease in the rate of transfer at all concentrations. But it will have very different effects in the Km depending on which carrier is inhibited. With inhibition of the carrierwith the smaller Km the characteristics of the whole process will now approach the kinetics of the carrier with the large Km, and with the inhibition of the carrier with the larger Km the kinetic picture will approach the system with the small Km. In one case the Km will increase, in the other it will decrease. This is seen more easily from the Lineweaver-Burk plot in Figure 10 . Hence we would get the anomalous result that an inhibitor could decrease transfer and at the same time apparently increase affinity. Daniels, Newey, and Smyth (1970) have in fact shown that this can happen in the case of intestinal transfer of amino acids. The only certain criterion of a one carrier system is that all substances found to cause competitive inhibition of any substance transferred should produce increases in the affinity constant (Km) in such a way that the new value of Km is equal to Km (1 + 1/Ki), where I is the concentration of inhibitor and Ki the affinity constant of the competing substance. Even this strict criterion for the existence of one carrier is only valid if in all cases it is known that attachment to the carrier is the rate-limiting stage in the process, a problem discussed in the succeeding paragraphs.
It is also easy to show that a combination of a diffusion process with a carrier-mediated process will produce a kinetic picture, which, wben studied by the Lineweaver-Burk plot, could very easily give rise to the impression that the process could be explained entirely by carrier-mediated transport, even when a substantial fraction, up to one quarter, of the transport depended on diffusion.
Rate-limiting Stage
Many processes involve a number of different stages each of which has its own characteristics, and it is sometimes important to consider how the characteristics of the process as a whole are related to those of its separate stages. Consider the analogy of a crowd of people going to a football match. They arrive by bus from distant areas, walk from the bus stop to the turnstiles, pass through the turnstiles and walk from there to their places in the ground. The rate at which the ground fills up must be dependent in some way on the rates of these processes, that is, There is first the attractive scheme formulated by Crane and his colleagues (see Crane, 1968) , which includes the ternary carrier, the Na gradient, and differential affinity mechanisms. The hexose molecule can attach to a binding site on a mobile carrier, which can move across the membrane and equilibrate with the solution on each side. The saturation of the carrier at each side depends on the concentration of hexose at each side and the affinity of the carrier at each side. The affinity depends on the Na and K concentrations and these are such that the affinity inside the cell is smaller than outside. The mechanism depends essentially on an asymmetry of sodium concentration at the two sides of the membrane being maintained, and this asymmetry is maintained by the action of a Na pump extruding Na from the cell. In this scheme the basic mechanism of facilitated diffusion is being used to cause carrier-mediated transport against a gradient. Let us examine another possible model of hexose transfer. Suppose the hexose attaches to a carrier and then enters into a transport process of undefined mechanism which can use metabolic energy. There are now two stages to consider, ie, the attachment and the transport, and the question must be asked which is the rate-limiting stage in the whole process. Is it attachment of hexose to the carrier, or is it the process requiring metabolic energy? The work of the Sheffield group (for references see Smyth, 1970) suggests that in vivo the availability of energy is not rate-limiting but in 'itro it may be at least for galactose, Na, and a number of amino acids. This is shown by the facts (a) that the transfer of these substances is stimulated by the presence of metabolized hexoses and (b) that there may be competition for energy among different transport systems. If this is so then the rate-limiting stage in transfer may be availability of energy and when kinetic studies are made we may be investigating the Km, not of attachment of absorbate to the carrier site, but to some quite different process related to utilization of energy. Hence Michaelis-Menten analysis may not provide any information at all about the carrier. It is also possible that in different conditions different stages may be rate-limiting and this may explain the wide diversity ofvalues of Km for the same substance obtained under different conditions. When we characterize the whole process in kinetic terms it is essential to ask which stage has been characterized. Only if attachment to the carrier is the rate-limiting stage are we describing the properties of the carrier.
The same kind of reasoning applies to competitive studies. If we study the movement of two substances and their mutual effects on each other, we may demonstrate, even by rigorous criteria, that they are competitors for the transfer process. But this does not necessarily mean that they are competitors for one specific transport site. Competitive kinetics are possible from competition for one site, from reciprocal allosteric effects of each substance on the other, or even from competition of two systems for the same source of energy.
Conclusion
In attempting to express quantitatively the role of carriers in intestinal transfer, the analogy of enzymes has been useful. The competition of two substances for an enzyme can be used as a model for competition of substances in the intestinal lumen for a carrier, and studies of the rate of absorption at different concentrations may enable kinetic analysis to be made analogous to Michaelis-Menten kinetics with enzymes. In this way the absorptive process for a particular substance may be characterized by two constants, Vmax and Km.
Some care is needed in interpreting the results of this analysis and in particular in using these constants to define the properties of the carrier site. The characteristics determined by Michaelis-Menten kinetics are those of the rate-limiting stage in the whole process, and carrier transport in the intestine may be a good deal more complicated than the action of an enzyme on a substrate. There are likely to be a number of stages involved, and the rate-limiting stage may or may not be the attachment of the absorbate to the carrier site.
Even if attachment to the carrier is the rate-limiting stage it is still difficult to be certain whether only one carrier is involved, and this applies even with a very accurate kinetic analysis. It may be possible to get some information on the number of carriers involved by carrying out competitive studies with a number of different substances.
